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Abstract
An investigation was conducted to evaluate the microstructural evolution occurring in disks of commercial purity aluminum processed by
high-pressure torsion (HPT) under constrained conditions. Microhardness measurements were taken to assess the variation in hardness across the
diameters of disks subjected to different imposed strains and the microstructures were observed at the edges and in the centers of the disks using
transmission electron microscopy. The results show the microhardness is lower and there is less grain refinement in the central regions of the disks
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. Introduction
Several procedures are now available for producing bulk
olids with submicrometer or nanometer grain sizes including
igh-pressure torsion (HPT) [1], equal-channel angular pressing
ECAP) [2], accumulative roll bonding (ARB) [3] and redun-
ant forging [4]. Of these various techniques, HPT is especially
ttractive because it leads generally to ultrafine grain sizes,
hich are smaller than those achieved using the other methods.
Torsional straining is non-homogeneous across the diame-
er of the sample and in practice there are conflicting reports
egarding the degree of microstructural homogeneity that may be
chieved through the use of HPT. For example, there are reports
f the production of reasonably homogeneous microstructures in
n aluminum-based alloy [5], pure copper [6] and pure nickel [7],
s well as in titanium [8] and nickel-aluminide [9]. In a detailed
nvestigation of pure nickel [7,10], it was shown that microstruc-
ural evolution begins at the outer edges of the disks used in HPT
nd the evolution spreads gradually to the centers of the disks
ith increasing imposed strain. These observations suggest that
the microstructure becomes reasonably homogeneous at high
total strains although it should be noted this homogeneity is
inferred indirectly from the consistency in microhardness mea-
surements taken across the specimen diameters and there may
remain some microstructural inhomogeneities when detailed
observations are made using transmission electron microscopy
(TEM). By contrast, a very recent report described the develop-
ment of inhomogeneities in an austenitic steel when microhard-
ness measurements were taken after HPT processing although
the microhardness measurements were not supported by corre-
sponding observations using TEM [11].
The present investigation was initiated to obtain a better
understanding of microstructural evolution during HPT. Disks of
pure aluminum were processed by HPT and then examined using
both microhardness measurements and TEM. To place these
observations in perspective, the following section describes the
two distinct types of HPT processing and the following sections
describe the experimental procedures and results.
2. Principles of HPT∗ Corresponding author. Present address: On leave from Institute of Mechan-
cs, Russian Academy of Science, Ufa 450000, Russia. Tel.: +1 831 656 2216;
ax: +1 831 656 2238.
E-mail address: apzhilya@nps.edu (A.P. Zhilyaev).
In processing by HPT, the samples are in the form of thin
disks and they are placed in the HPT facility between upper and
lower anvils, subjected to a very high pressure and then strained
in torsion where the straining is usually achieved by rotating the921-5093/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. Principles of HPT for (a) constrained and (b) unconstrained conditions.
lower anvil. Two distinct types of HPT processing are illustrated
schematically in Fig. 1: these types are termed (a) constrained
and (b) unconstrained HPT, respectively.
In constrained HPT, the disk is machined to fit into a cavity
in the lower anvil and the load is applied so that, in principle at
least, there is no outward flow of material under the application
of a high load. Constrained HPT is therefore conducted in the
presence of a back-pressure. In practice, however, it is difficult to
achieve an idealized constrained condition and there is generally
at least some limited flow between the upper and lower anvils. In
unconstrained HPT, the specimen is free to flow outwards under
the applied pressure and little or no back-pressure is introduced
into the system.
Both constrained and unconstrained HPT have been used in
prior experiments. Thus, the earlier investigation of pure Ni was
conducted using unconstrained HPT [7], whereas the experi-
ments on austenitic steel used constrained HPT although it was
noted there was some limited outward flow of material between
the two anvils on application of the load [11]. In the present
investigation, the HPT processing was conducted using a con-
strained facility as shown in Fig. 1(a).
3. Experimental material and procedures















TEM from 3 mm disks cut from either the central region or the
periphery of the HPT disks. The initial microstructure was also
examined using optical microscopy.
4. Results and discussion
The microhardness data recorded for the HPT samples are
depicted in Fig. 2 for conditions where the external pressure
was P = 1 GPa. The lower dashed line indicates a microhardness
of Hv ≈ 210 MPa recorded for the material in the initial annealed
condition, where this value is close to the value of ∼150 MPa
generally reported for pure aluminum. The lower set of experi-
mental points, lying in the vicinity of Hv ≈ 320 MPa, represent
the measured hardness across the disk immediately after appli-
cation of the load but without any torsional straining so that
N = 0. For the situation where N = 1, there is a sharp minimum in
Hv in the center of the disk with a value close to the microhard-
ness of the compressed disk but at the outer edges of the disk
the microhardness reaches a saturation level in the vicinity of
F
j
ttudy. The material was annealed for 1 h at 600 ◦C in air and
hen furnace cooled to give an initial grain size of ∼0.2–0.5 mm.
isks were cut having diameters and thicknesses of 10 and 1 mm,
espectively, and these disks were subjected to HPT under a com-
ressive pressure of 1 GPa. As discussed earlier [7], it is difficult
o precisely specify the imposed strain in HPT and thus, follow-
ng an earlier suggestion [12], the strain will be specified in terms
f the total number of whole revolutions applied to the disk, N.
n the present experiments, disks were strained through 1, 2, 4
nd 8 revolutions. Following HPT, the samples were ground,
echanically polished and then electro-polished. Microhard-
ess measurements were taken using a Micromet 2000 facility,
ith five separate measurements taken for each point using a
oad of 50 g and a loading time of 5 s. Foils were prepared forig. 2. Microhardness distributions across the diameters of aluminum disks sub-
ected to a pressure of P = 1 GPa and up to eight whole numbers of revolutions:
he lower broken line shows the initial annealed condition.
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Fig. 3. Microstructures of aluminum: (a) optical microscopy showing the initial annealed structure and (b) TEM showing the structure after applying a pressure of
P = 1 GPa without torsional straining.
Fig. 4. TEM micrographs after two whole revolutions with a pressure of P = 1 GPa (a) in the central region and (b) near the periphery.
Hv ≈ 600 MPa. It is apparent that the values of Hv in the central
region increase with the number of whole revolutions and thus
with the total imposed strain. For the samples subjected to four
and eight whole revolutions, there is reasonable homogeneity
across the diameters with an average value of Hv ≈ 610 MPa.
The datum points shown in Fig. 2 include the error bars cal-
culated at the 95% confidence level. In practice, however, there
tends to be some scatter between different operators in taking
microhardness measurements and it is probably more realistic
to assume a potential maximum error of ±10%: the two upper
dotted lines correspond to this error range. It is concluded from
Fig. 2 that, at least at the macroscopic level, there is reasonable
homogeneity across the disks at values of N equal to or greater
than 4.
Fig. 3 shows the microstructures in (a) the initial annealed
condition and (b) after application of a load of P = 1 GPa but
without torsional straining so that N = 0. Optical microscopy
reveals an initial grain size of ∼0.2–0.5 mm in Fig. 3(a) and
it is apparent using TEM that the grain size is reduced to
∼3m immediately after application of the load in Fig. 3(b).
Fig. 5. TEM micrographs after eight whole revolutions with a pressure of P = 1 GPa (a) in the central region and (b) near the periphery.
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The following micrographs, shown in Figs. 4 and 5, exhibit the
microstructures in the central region and near the periphery of
the disks after two and eight whole revolutions, respectively.
Careful inspection shows that the grain size is ∼1.2–1.5m in
the center of the disk after two complete revolutions but there is
a smaller grain size of ∼1m near the periphery: this smaller
grain size accounts for the higher hardness visible in Fig. 2. By
contrast, the grain size after eight whole revolutions is ∼0.8m
and there appears to be a slightly smaller grain size in the cen-
tral region of the disk. This suggests that recovery processes may
have begun in the highly strained region at the disk periphery.
The results from these observations show that, in terms of
both the microhardness measurements and the TEM obser-
vations, the microstructure of commercial purity aluminum
becomes reasonably homogeneous after eight whole revolutions
of HPT using a constrained facility. The results support earlier
observations on pure Ni [7] and an Al alloy [5] but they are
not consistent with microhardness data reported recently when
processing an austenitic steel using HPT [11]. This difference
may reflect the greater difficulty in reaching homogeneity in a
material, such as steel, where the microstructure is complex.
A simple model can be suggested to explain the greater grain
refinement which appears to occur in the central region of the
disk at the highest imposed strain. It is reasonable to anticipate
that the edge region experiences a higher strain and becomes






with torsional straining. The microhardness Hv is high at
the periphery of the disk and low in the central region in
the initial stages of torsional straining but Hv increases in
the center and becomes essentially equal to the value at the
periphery after four or more whole revolutions.
(iii) The microhardness measurements are supported by TEM
observations showing the microstructures are similar in
the central region and at the periphery after eight whole
revolutions. A phenomenological model is suggested to
explain the grain refinement in the central region of the HPT
disk.
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